In mycobacterial growth medium 40 to 400 ,uM citrate was required to solubilize 2 FM "Fe. This solubiized "5Fe was taken up into both iron-deficient and ironsufficient washed cell suspensions of Mycobacterium smegmatis and Mycobacterium bovis BCG. Although the 55Fe was taken up into the cell, the citrate was not.
The ability of pathogenic microorganisms to sequester iron from their host has been implicated as a factor in their virulence (12, 26) . Many microorganisms secrete iron-binding siderophores under low-iron growth conditions making it possible for them to compete for the host's iron held in specific molecules. The ability of citrate to reverse the growth inhibition of coliform bacteria by host lactoferrin (5, 11) suggests that it may serve a function similar to that of the siderophores even though citrate is neither excreted nor assimilated by these bacteria. Citrate is known to be. the major low-molecular-weight, iron-binding compound in human serum (19) and has also been implicated in the transfer of iron to and from transferrin (3, 4) .
In Neisseria meningitidis adding citrate into the medium made iron available from previously unavailable biological iron chelates (2) . Escherichia coli has a citrate-mediated iron transport system which is induced by the presence of citrate in the growth medium and is independent of the enterochelin system (9, 10). A similar system also operates in Neurospora crassa (27) .
Spiro et al. (22, 23) have shown that the relative concentrations of iron and citrate are important in determining the structure of the ferric-citrate complex formed. At (1, 23) . Thus, the pH and relative concentration of iron and citrate in growth media and uptake systems appear to be crucial to the function of citrate as an irontransporting compound.
Although glycerol is most commonly used as the sole carbon source for mycobacterial cultures, many medium preparations also contain a significant amount of citrate (8, 13, 15, 20) . However, Bowles and Segal (6) found that citrate was not used by M. tuberculosis, nor did it have any effect on the utilization of other nutrients: glucose, glutamate, asparagine, or glycerol. Citrate could though have a role in iron metabolism in the mycobacteria and could therefore have a bearing on their growth in laboratory media as well as on their pathogenicity. Our current understanding of iron assimilation mechanisms in mycobacteria involves the participation of at least two iron-chelating compounds, mycobactin and exochelin (24) (24) .
A model system for measuring the transfer of nonradioactive iron from water-soluble iron chelators into mycobactin was also used (18) . Samples (1 ml) of 4.5 mM salicylate or 1.5, 30, or 300 mM sodium citrate in 0.1 M Tris-hydrochloride buffer (pH 7.0) were mixed with 0.1 ml of 15 mM FeCl3 in water, and to this was added 1 ml of desferrimycobactin (0.6 mg) dissolved in octanol (21 2.5 FCi/4umol) equilibrated to 37°C was injected through the rubber septum. Both solutions contained FeCI3 to give a final concentration of I ,M. After 60 min of shaking at 37°C the reaction was stopped by injecting 5 M H2SO4 into the main chamber. The glass fiber paper was transferred to a scintillation vial and counted by liquid scintillation counting in a conventional toluene-based scintillation fluid to determine the 14CO2 evolved.
Measurement of soluble 'Fe In medium. Citric acid was added at various concentrations (2, 40, and 400 ,M) to the medium previously described (17) . To 1-ml portions of these media was added 55FeCl3 (2 ,uCi/,g of Fe) to give 2 pM. These solutions were allowed to stand for 3 h and then run through a Sephadex GIO column (20 by 1 cm) to remove noncomplexed iron from the soluble 55Fe, i.e., ferric dicitrate, being eluted with water. The insoluble iron which remained absorbed at the top of the column was eluted with 0.1 M HCl.
Samples (50 pil) from each eluate were counted by liquid scintillation counting to estimate the concentration of soluble iron in each case.
Estimation of iron-binding compounds from cultures.
Exochelin was extracted and estimated from the filtrates of 1-week cultures of M. smegmatis as previously described (14) . Mycobactin was extracted from cells and estimated by the method of Ratledge and Hall (17) .
RESULTS
Solubilization and uptake of 55Fe mediated by citrate. The addition of 2 ,uM citrate to uninoculated medium containing 2 ,uM 55Fe did not increase the solubility of iron above its original value of 7%. However, when citrate was added at a molar ratio of 200:1 with iron the amount of soluble iron increased some 8-to 12-fold. Addition of a 20:1 excess of iron to citrate increased solubilization of iron by only two-to fourfold. This agrees with the results of Spiro et al. (23), who showed that a high ratio of citrate to iron is needed to form the soluble ferric dicitrate complex at physiological pH.
In uptake studies with M. smegmatis and M. bovis BCG this solubilized ferric dicitrate complex, i.e., that which eluted with water from the Sephadex G10 column, was taken up into both iron-deficient and iron-sufficient cells (Fig. 1) . The rate of this uptake was comparable with the rate of uptake of iron from fern exochelin into cells of M. smegmatis (24) . Uptake was similar in suspensions in both phosphate and Tris-hydrochloride buffers and was unaffected by electron transport inhibitors such as 30 mM sodium azide and 10 mM sodium cyanide, by the uncou- plers dinitrophenol (2 mM) and carbonyl cyanide m-chlorophenylhydrazone (0.1 mM), or by the thiol reagent mercuric chloride (0.1 mM), but was slowed down by assaying at 4°C. With iron above 35 ,uM its uptake from ferric citrate showed characteristics of a saturated process (Fig. 2) .
This, together with lack of inhibition of the system by the various effectors, suggests that iron uptake from ferric citrate probably involves a type of facilitated diffusion across the cell membrane.
Effect of the presence of citrate in medium on Iron uptake and production of mycobacterial iron-binding compounds. Unlike the citrate-mediated iron transport system of E. coli, that of M. smegmatis was not induced by growing the cells in the presence of 400 ,uM citrate (Fig. 3) . Growth on medium containing this amount of citrate had no effect on the production (at 1 week) of the known iron-binding compounds of mycobacteria, exochelin and mycobactin. Citrate had no effect on the final cell dry weight of M. smegmatis.
Interaction of the citrate-mediated uptake system and other Iron uptake systems. Uptake of iron (1 p.M) from 55Fe-citrate into M. smegmatis was unaffected by the presence offerri exochelin (2.5 F.M) from this organism (Fig. 1) , indicating an absence of competition between the two sources of iron for a common uptake mechanism. By using a model system (see above) for following iron transfer, we were able to show that iron was not transferred to mycobactin from ferric citrate, but iron from ferric salicylate was~~~~3 rapidly transferred to mycobactin (Table 1) . Uptake studies (Fig. 4) Interaction between uptake of iron from ferri-salicylate and Fe-citrate. Uptake of 55Fe (1 ,M) from 55Fe-citrate (0) and 55Fe-salicylate (0) was noted when each was added separately to the M. smegmatis uptake system. The effect on uptake of 5Fe from the citrate on adding unlabeled Fe-salicylate (1 FM) (0) and the effect of Fe-citrate on uptake from "5Fe-salicylate (U) were then noted. Uptakes were assayed as described in the text.
DISCUSSION
The uptake of iron from ferric citrate in M. smegmatis represents a system totally independent of the other systems operating for iron uptake in the microorganism. As the presence of unlabeled ferri-exochelin did not effect uptake of "5Fe from ferni-citrate, we can deduce that the route from citrate is independent of the two routes known to operate with exochelin: the high-affinity system, which is an active process sensitive to metabolic inhibitors and uncouplers of oxidative phosphorylation, and the low-affinity system, which is insensitive to inhibition and is nonsaturable (up to 125 ,uM). Nor does the ferri-citrate route apparently involve competition with the mycobactin route of iron uptake, which involves the participation of salicylate as, again, no competition between these two iron carriers could be seen.
Thus assimilation of iron from citrate appears to be by a novel pathway. Unlike the citratemediated system in E. coli (which is also independent of other systems operating in the organism), that in M. smegmatis is not induced by the presence of citrate in the growth medium but appears to be constitutive. In E. coli, citratemediated transport of iron requires an outer membrane receptor protein (25) . The saturation of the citrate system in M. smegmatis at high concentrations of iron, coupled with the citrate itself not being taken up during iron assimilation, suggests that such a membrane receptor is probably also necessary in this case. However, in E.
coli the citrate-mediated system is an active process (unpublished results mentioned in reference 10), but this is not so in M. smegmatis. The lack of inhibition by metabolic inhibitors and the saturability of the process suggest that the uptake of iron may be by a facilitated diffusion mechanism.
The citrate-mediated system of iron acquisition may be important in the pathogenicity of mycobacteria. Attention has already been drawn (see above) to the ability of citrate to chelate iron from lactofernin and other naturally occurring iron-binding compounds. The normal range of citrate concentrations in adult human serum is between 100 to 135 pM (7) , but although this is high enough to facilitate the growth of mycobacterial pathogens assuming it were to complex a 1/10 or even a 1/100 of its weight as iron, it is far from clear whether this would happen in practice. Serum is widely regarded as being bacteriostatic towards mycobacteria and other microorganisms because of its ability to withhold iron from the invading organism (12) . Thus, for the organism to grow in vivo, chelators superior in complexing power to citrate are seemingly needed; hence, the exochelins which occur throughout mycobacteria could be presumed to fulfill such a role in vivo as well as in vitro. However, although the overcoming of the bacteriostasis of serum is probably a complex process, it seems from this work that iron acquisition from citrate should be regarded as a possible event for a mycobacterium once it had become established in vivo.
If the findings with M. smegmatis are extend- bovis BCG, the use of a ferric citrate system for iron uptake would not have any repressive effect on the appearance of the other systems for iron acquisition. Iron acquisition in vivo may therefore be very complex, and this complexity could be extended even further when one considers that most pathogenic mycobacteria develop intracellularly (mainly in the macrophages) rather than in extracellular fluids such as serum. However, it would seem that the diverse range of iron acquisition mechanisms now known to be possessed by mycobacteria would be more than sufficient to ensure an adequate supply of iron for growth.
Whatever may be the role of citrate in vivo (and one would presume that a capacity to take up iron complexed to citrate has some evolutionary significance), the use of citric acid in culture medium formulations may give some advantage in promoting cell proliferation by facilitating iron uptake. It is unlikely though that iron acquisition is the rate-limiting step to the growth of most mycobacteria, as there are few, if any, reports of stimulation of growth by the addition of an iron complexing agent to the medium. Nevertheless growth of some of the slower-growing mycobacteria might be aided by citrate, but only if the citrate is added in sufficiently large quantity to hold iron in solution; e.g., 1 g of citric acid per liter (approximately 5 mM) is needed to hold about 25 ,uM iron in solution (i.e., about 1.3 pug of iron per ml) (22, 23) . Ferric ammonium citrate which is often added to culture medium could not serve as a source of soluble iron as the ratio of citrate to iron is too unfavorable. One may then just as simply add ferric chloride.
